Abstract-In this study, an unbalanced and practical European low-voltage micro-grid benchmark system is modelled and proposed for the sake of power system frequency studies. The model is adapted from Cigre Benchmark model to integrate Distributed Energy Resources (DERs). As the benchmark system is obtained from the real network, it will enable industrial and academic researchers to do a wide range of sensitivity analyses and design a flexible microgrid for future power system studies. The suitable dynamic modellings of two gas turbines, two battery units, two wind turbines and four photovoltaic panels are selected and appended into the proposed microgrid system. Moreover, the system contains customer loads which are divided into residential and commercial demands. The photovoltaic (PV) units have a total power of 210 kVA. Two wind turbines are Type 4 direct drive permanent magnet synchronous generator and nominal apparent power of each of them is 500 kVA. The batteries are respectively rated to 35 kVA and 25 kVA at 0.85 power factor (lagging). The model is stimulated using DIgSILENT Power Factory software. Time domain simulation results in terms of DERs' power outputs, frequency response and Rate of Change of Frequency (RoCoF) following a load event and under discrepant renewable energy penetration levels and inertia amounts are deployed to validate the flexibility of the test system proposed.
INTRODUCTION
Rapid employment and penetration of renewable energy sources (RESs) in microgrids have decreased the system inertia since they are connected through the converters [1] . A microgrid system can be subjected to the large excursions of frequency in case of low inertia level. Thus, the frequency stability of the system depends on the inertia or kinetic energy of rotating machines connected to the power system. Inertia is highly important to preserve the stability of the power system [2] - [3] .
It is to be noticed that following an unexpected loss of generation or load change, a loss of synchronism between the generation and load may result in a partial or entire micro-grid islanding [4] , [5] . To avoid this disaster, time-domain simulations, frequency nadir and Rate of Change of Frequency (RoCoF) evaluation should be investigated offline. In other hand, the parameters and types of all devices' dynamic modelling should be available for running system dynamic analysis. In this context, a few test systems for microgrids are proposed which are not practical enough [6] - [12] . Moreover, there are several cases those the dynamic models of all contradiction.
As studies of Distributed Energy Source (DER) based models are gaining interest, a single benchmark model will not represent all types of microgrid. In the literature, many benchmark models have been presented, changing according to technologic developments [4] - [6] . A radial distribution test system is presented in [7] for North Africa. In [8] , a benchmark system is provided only for power system static analysis. The concept of AC Low Voltage (LV) distribution systems is designed in [9] where a DC connection is considered for the customers to adjust the supply voltage through the power electronics.
In order to tackle with the above noticed issues, a realistic dynamic test system including Distributed Energy Resources (DERs) such as Photovoltaics (PVs), Wind Turbines (WTs) and Battery Energy Storage Systems (BESSs) are modeled in this study. The main advantages of the selected benchmark are established by CIGRE Task Force (TF) C6.04.02, in a communal base in the newest form of benchmark system for integration of DERs [10] . This test system is deployed in this paper and several DERs are integrated into it. System dynamic analysis is also provided under increment of the penetration levels of RESs in the grid.
The benchmark network consist of 37 nodes with the combination of residential, industrial and commercial subnetworks, including 6 residential, 8 commercial loads and one industrial load connected by underground and overhead line topologies [10] . This benchmark system provides a high variety of testing for integration of DERs into the system. In [10] , there is also a medium voltage grid designed for the proposed European LV system which can be added to be as a upstream network for further studies. The proposed network can be a good candidate for testing discrepant solutions in the areas of microgrids in terms of power system frequency, stability, dynamics and smart grid methods. The test system provided in DIgSILENT Power Factory [11] can be straightforwardly transferred into other software package such as RSCAD, PSCC, PSCAD and etc.
II. MODELLING REQUIREMENTS

A. Selecting the Test System & European Grid Data
The test system used in this report are modelled based on the Cigre`s "Benchmark Systems for Network Integration of Renewable and Distributed Energy Resources" document [10] . The integration of distributed energy resources (DER) are being investigated by many academic and industrial institutes for more practical investigations. This benchmark system is selected to test power system distribution networks in order to facilitate the stimulation based analysis and validate the developed methods and techniques.
DIgSILENT Power Factory software is deployed to design the European low voltage (LV) microgrid model. The system comprises a variety of distributed generators (DGs), distributed storage (DS) and customer loads as residential and commercial loads. The software is especially for electrical power systems and enables advanced analysis of transmission, distribution and industrial system with faster result ability.
The European grid has an equivalent 50 Hz system frequency. The grid voltage levels are the European low, medium and high voltage levels assumed in the network, given in Table 1 . In the proposed system the short circuit current is selected as 10000 MVA for HV level and 110 MVA for the MV level, and the R/X ratios are selected 0.1 and 1 respectively, to better observe the change of DERs on system voltage.
B. Dynamic Modeling of a Power System
The fundamentals of dynamic simulation depend on the inertia. Inertia of the system can be defined as a force that opposes any changes might occur in frequency [12] . Low inertia issues are starting to be considered due to the increase in the penetration level of renewable energy sources (RES) in the power system, which is not contributing to system inertia. The RES are connected to the grid with power electronic (PE) interfaces which decouple the inertia from the main grid.
The equation (1) is the swing equation, where df/dt is the rate of frequency change of frequency, H is the system inertia constant, SB is the generator rating power, Pm, Pe are the mechanical power and electrical power, and f0 is the system frequency [13] . (1) Figure 1 shows the frequency response of the system for different inertia constants. According to Figure1, rate of change of frequency (RoCoF) is inversely proportional to system inertia. As the power system inertia decreases, the frequency nadir, where the RoCoF reduces to zero, will be deeper and the time where the frequency nadir happens will be earlier.
III. NETWORK MODEL CONFIGURATIONS
The LV distribution benchmark is obtained from a real LV network, enabling flexibility in the DERs integration cases. The benchmark consists of three feeders that are residential, industrial and commercial based, correspondingly. [10] Structure: The LV distribution networks have a radial layout and originate from a MV/ LV substation. The LV distribution network may include one or multiple lines. The system frequency is 50 Hz. Symmetry: The connection of single-phase consumers makes LV networks inherently unbalanced. In addition, single-phase lines may exist, particularly as feeder branches. Line types: LV network lines can be underground, mainly located in urban areas with a high load density, or overhead as mainly located in rural areas with a fairly low load density.
A. Selecting Parameters
LV distribution is firstly selected to integrate DER to see the effect of renewable sources in a smaller scale system. In this test system, firstly a low-voltage (LV) distribution microgrid system is presented. The main difference of a microgrid from distribution network is the consideration of DERs and BESSs in microgrid. The location of the DERs and BESSs are selected according to sensitivity analysis to provide system reliability and cost minimization. According to these considerations the LV distribution network is converted to microgrid. The 20 kV (MV) upstream network is converted to 0.4 kV (LV) by 0.5 MVA rated power and 20/0.4 kV rated voltage transformer. There are four transformers in the modified system; one extra transformer is added to the benchmark model, which connects an extra wind turbine to the system selected according to sensitivity analysis. The lines are modelled in two topology i.e. overhead and underground lines. The loads are in three models including of residential; industrial and commercial loads. The bus/plate/pole representations are made as residential buses/plates from R0 to R18, industrial buses as I0, I1, I2 and commercial buses/ poles from C0 to C20. The DERs and loads are connected to the transformers to the MV distribution network through switches S1, S2 and S3 to test configurations under different circumstances. Figure2 shows the topology of LV model. 
A. Simulations
DIgSILENT Power Factory is widespread used power system analysis software, particularly in Europe. The main customers constitute of academic research institutes, universities; transmission and distribution system operators. Figure 3 shows the modelled LV distribution system in DIgSILENT software. The diagram colors show the loading ranges of the system. The squares drawn with red color shows the gas turbines, the circles drawn with blue color shows the wind turbines and the rectangles drawn with green color shows the photovoltaic panels in the system. There is an additional transformer compared to the benchmark model, connecting WT2 to the microgrid, which is selected according to the sensitivity analysis.
B. The installation of the DERs
As a case study, two gas turbine units, two battery units, two wind turbines and four photovoltaic panels are appended into the proposed microgrid system. Two gas turbines are also added to support a faster frequency response. GT1 is rated at 500 kVA and GT2 is rated at 350 kVA nominal apparent power. The batteries are used to provide frequency regulation during the isolated operation. These units are chosen according to the benchmark system introduced in [10] , where DC-AC inverters are respectively rated to 35 kVA and 25 kVA at 0.85 power factor lagging. The inverters are controlled with P-f and Q-V droops in order to share the network load. The photovoltaic (PV) units are selected as 50 and 55 kVA nominal apparent power. Active power dispatches are altering of the PVs and they are connected at different nodes with a total power of 210 kVA.
Fully rated converter based wind turbines with 500 kVA nominal apparent power with a power factor of 0.9. Each wind turbine is connected to the grid via converter infrastructure.
1) BESS:
The simple battery model is created in DIgSILENT Simulation Language (DSL). The input of the system is voltage, where output of the system is the voltage, the SOC and voltage. The integrator shown with 1/sT has the state variable of SOC, applied here with the initial condition SOC0. During the initialization the battery is not charging/ discharging. For the load flow calculations active power exchange is zero. Figure 4 shows the simplified battery model in DSL.
2) Wind Turbine Model: The proposed study uses the IEC 61400-27-1 wind turbine generator (WTG) model in the DIgSILENT software. The models are described in [15] . The WTGs are considered in four different types, explained in detail below. Figure 5 shows the Type 4 wind turbine model.
The turbine is designed for low/moderate wind speed areas. The specifications of the wind turbine are entered into the Static generator wind turbine model in DIgSILENT. The nominal apparent power is defined as 0.5 MVA and power factor as 0.9. The other details can be found in [16] .
The fully rated WTG is in the single line diagram represented by a static generator. In this model, a 0.5 MW turbine was designed and studied.
978-1-5386-3669-5/18/$31.00 ©2018 Crown 3) PV Model: The Photovoltaic System (PV) element in DIgSILENT is based on the Static Generator. The PV System model consists of an array of PV panels, connected to the grid through a single inverter. In addition to the static generator is that the PV System automatically estimates the active power setpoint, for the provided geographical location, date and time. Figure 6 gives the frame of the PV system in DIgSILENT. The inverter in the system is modelled as a static generator, enabling active power calculations. The PV cell is modelled using DSL, receiving data from solar radiation and temperature modules. The DC busbar and capacitor module is also modelled by DSL, having an input from PV module and power measurement module. The controller has inputs from DC busbar and capacitor module, PV module, AC Voltage measurement module and active power reduction module. The controller gives id_ref and iq_ref outputs to the inverter. PLL also gives the reference voltage angles to the inverter module.
IV. DYNAMIC SIMULATIONS
A. Base case system response without DGs/Storages (Case1)
The base system response without all DGs and storage systems is observed with a scenario of disturbance at 5 s. Two gas turbines are installed to support frequency in the system. The external grid is apart from the system at t=1 and connected back to the system at t=6s. Figure 7 shows the frequency response and RoCoF of the system at Case 1. The active power performance of the system is firstly tested from load flow analysis when the microgrid is working in islanded operation. In the islanded operation, the generation (703.86 kW) meets the load demand (686.55 kW) with the grid losses (17.36 kW). After verifying the isolated operation, when the microgrid is in islanded mode from 1s to 6s, it is capable of providing the power balance.
B. Base case system response with all DGs without Storages (Case2)
In this case, the effect of the converter based renewable energy generation systems are investigated. It is known with the integration of renewables to the network, there is no contribution to the inertia of the system. This leads to a selective integration of the renewables. In this study, a step by step approach is followed to see the effect of each DG on the system. Firstly the contributions of the WTs are examined and later the PVs are integrated. The same scenario steps in Case 1 are repeated as shown. a) Only with WTs: The system includes only the two WTs as a renewable source. As seen in Figure 8 , the frequency drop exceeds the permitted frequency level by 3 Hz (the permitted frequency nadir is 46.7 Hz) and it's not possible to connect to the real existing grid. Also in Figure 8 , the RoCoF increases sharply in t=1s which is considered a high value in the case of frequency dynamics.
b) Only with PVs: Another situation is only with the PVs in the system without storage and WTs. In Figure 9 , the frequency response is shown. Here the frequency nadir is around 48 Hz, which is better compared to the previous system with only the WTs, but it is still not enough for the stable connection to the grid. Similarly in Figure 9 the maximum RoCoF value is less than the previous simulation, almost 0.07 1/s. c) With WTs and PVs: After analyzing the simulation results for only WT integration and only PV integration, the system is stimulated with both WTs and PVs in the system. Figure 10 shows the frequency response of the overall system. 978-1-5386-3669-5/18/$31.00 ©2018 Crown After the simulations are run, in the first second frequency is stable with the support of the external grid. When the switch is opened at t=1, the frequency begins to drop as a fact of disconnection from the external grid. The frequency dropped down until 49.4, which is the frequency nadir. With the integration of the WTs and PVs, the system frequency drop is less and at t=3.7s, the system starts to back up from the frequency nadir.
C. Base case system response with all DGs, with storages
In this case, the effect of the converter based renewable energy generation systems and storage systems are investigated. By using Case 2, the batteries are added to the system as shown in Figure 10 . The placement is made at points A and B, which line has the most load density and the BESSs are aimed to contribute to the frequency stability. The same scenario steps in Case 1 & Case 2 are repeated as shown in figures. Figure 11 shows the frequency response of the system. After the simulations are run, in the first second frequency is stable with the support of the external grid. When the switch is opened at t=1, the frequency begins to drop. The frequency dropped down until 49.78, which is very improved compared to previous cases. With the contribution of two BESSs, at t=2.5 s, the system starts to back up from the nadir.
V. CONCLUSIONS
In this paper, the unbalanced European test system is modelled in DIgSILENT PowerFactory and its dynamic performance is investigated following the load increment. The appropriate dynamic models of gas turbines, BESSs, WTs, and PVs for the sake of power system frequency studies are selected and evaluated under different RES penetration levels and islanding mode.
One of the main aims of the study done is to reveal the importance of a practical microgrid system to meet the needs of the researchers for power system dynamic analysis. As a conclusion of the simulations, WTs and PVs aggravate the frequency regulation; however, the GTs and BESSs deployment can appropriately regulate the system frequency without causing a massive frequency drop. Additionally, the ratings of BESSs and GTs are arranged in the simulation cases to improvise the frequency stability. It is to be pointed out that the BESSs are the most beneficial solutions to help frequency restoration found in this work. As a future research, loads can also be modelled dynamically and the controllers can be designed for the frequency service providers to help the frequency restoration process.
